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ABSTRACT 
The o p e r a t i o n a l  experience i n  i n s t a l l i n g  and c a l i b r a t i n g  a 
c o n t r o l l e d  environment test chamber i s  d i scussed .  This  expe r i -  
mental  f a c i l i t y  has  been designed s p e c i f i c a l l y  f o r  conduct ing i n -  
v e s t i g a t i o n s  on t h e  c a v i t a t i o n  damage r e s i s t a n c e  of r e f r a c t o r y  
An a l l o y s  i n  pure  l i q u i d  sodium a t  tempera tures  up to 1500 0 F. 
a b s o l u t e  vacuum a s  low a s  2 , 5  x torr and a l e a k  r a t e  a s  low 
a s  L O  x t o r r  p e r  hour have been achieved .  T h i s  f a c i l i t y  i s  
capable  of main ta in ing  oxygen and mois ture  l e v e l s  s o  a s  to main- 
t a i n  t h e  t e s t  sodium p u r i t i e s  l e s s  t h a n  50 ppm of oxygen over  
an  e i g h t  hour pe r iod .  Pre l iminary  experiments wi th  316 s t a i n l e s s  
s t e e l  i n  1000°F sodium have shown t h a t  t h e  i n t e n s i t y  of damage 
a t  t h i s  tempera ture  i s  very  much lower than  t h a t  a t  400°F. 
modified des ign  of t h e  h igh  frequency f a t i g u e  specimens has  been 
made and some p re l imina ry  experiments have been conducted. A 
p re l imina ry  des ign  f o r  s t r e s s  c o r r o s i o n  t e s t s  has  been made, 
Ava i l ab le  d a t a  on t h e  mechanical p r o p e r t i e s  of t h e  t e s t  meta ls  
a t  h igh  tempera tures  w i l l  be analyzed f o r  c o r r e l a t i o n  wi th  cav- 
A 
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CAVITATION DAMAGE I N  L I Q U I D  METALS 
Technical Progress  Report  
for t h e  Period 
20 A p r i l  - 31 December 1964 
I .  SUMMARY 
This  i s  t h e  f i r s t  Technical  Progress  Report  p repared  under 
NASA Cont rac t  NAS 3-4172, and summarizes t h e  accomplishments o f  
t h e  program for t h e  p e r i o d .  
The o b j e c t  of t h i s  program i s  t o  q u a l i f y  c a n d i d a t e  m a t e r i a l s  
for u s e  i n  a u x i l i a r y  systems f o r  space  e x p l o r a t i o n  by t h e  q u a n t i -  
t a t i v e  de t e rmina t ion  of  t h e i r  r e s i s t a n c e  to c a v i t a t i o n  damage i n  
l i q u i d  sodium a t  temperatures  up t o  1500 0 F. Sodium, having two 
l e v e l s  o f  oxygen contamination, 20 and 200 ppm, w i l l  be used i n  
t h e  experiments .  The magne tos t r i c t ion  appa ra tus ,  o p e r a t i n g  i n  a 
c o n t r o l l e d  environment chamber, w i l l  be  employed i n  t h e  c a v i t a -  
t i o n  damage t e s t s .  
f a t i g u e  and s t ress  co r ros ion  c racking  t e s t s ,  which w i l l  be  pe r -  
formed on two of t h e  a l l o y s  o f  pr imary i n t e r e s t : ,  316 s t a i n l e s s  
s t ee l  and TZM a l l o y .  
These tests w i l l  be  augmented by co r ros ion  
The major p a r t  o f  t h e  program to d a t e  has  been concerned 
w i t h  o b t a i n i n g  r e p r o d u c i b l e  and r e l i a b l e  o p e r a t i o n  of  t h e  t e s t  
f a c i l i t y  a t  s p e c i f i e d  sodium p u r i t y  l e v e l s .  E f f o r t  has  a l s o  been 
devoted to t h e  des ign  of t h e  c o r r o s i o n  f a t i g u e  and s t r e s s  cor-  
r o s i o n  c racking  specimens t o  be used i n  t h i s  program, C a v i t a t i o n  
damage experiments have been s t a r t e d  f o r  316 s t a i n l e s s  s t e e l  a t  
1000°F. These experiments have shown t h a t  t h e  damage i n t e n s i t y  
a t  1000°F i s  very much lower t h a n  t h a t  a t  400°F. 
~~ 
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11. INTRODUCTION 
Very l i t t l e  i s  known about t h e  p r e d i c t i o n  of  damage caused 
by a c a v i t a t i n g  flow regime such a s  found i n  h$gh speed turbo-  
machinery. 
for space  v e h i c l e s ,  t h e s e  problems become very  impor t an t .  Due 
to t h e  minimum weight des igns  of  t h e s e  f l u i d  c i r c u i t s ,  h igh  ve- 
l o c i t y  flow w i l l  be  i n c u r r e d  which i n  t u r n  may l e a d  to much 
g r e a t e r  c a v i t a t i o n  damage i n t e n s i t y  t h a n  t h a t  normally observed 
on an  earthbound c o u n t e r p a r t .  I n  a d d i t i o n ,  h i g h  e f f i c i e n c y  sys -  
tems a r e  b e l i e v e d  a t t a i n a b l e  i f  l i q u i d  metals  a r e  used a s  bo th  
t h e  thermodynamic and h e a t  t r a n s f e r  f l u i d s .  The u s e  o f  l i q u i d  
meta ls  adds many more parameters  to k h e  i n v e s t i g a t i o n  of  c a v i t a -  
t i o n  damage because of  t h e i r  c o r r o s i o n  and mass t r a n s f e r  t e n -  
denc ie s .  
With t h e  advent  of a u x i l i a r y  power g e n e r a t i n g  systems 
C a v i t a t i o n  damage i n v e s t i g a t i o n s  u s i n g  l i q u i d s  such a s  
water  have t aken  advantage of many types  of equipment from l a b -  
o r a t o r y  dev ices  such a s  a r o t a t i n g  d i s c  to a c t u a l  f i e l d  turbo-  
machinery. Due to t h e  many p recau t ions  which must be taken  wi th  
l i q u i d  sodium, experimental  i n v e s t i g a t i o n s  u s i n g  a c t u a l  t u rbo -  
machinery a r e  extremely t ed ious .  Hence, t h e  l a b o r a t o r y  dev ices  
such a s  t h e  c a v i t a t i n g  v e n t u r i ,  r o t a t i n g  d i s c  and magneto- 
s t r i c t i o n  o s c i l l a t o r  o f f e r  t h e  most p r a c t i c a l  s o l u t i o n s  to t h e  
q u e s t i o n  of how to t e s t  the  c a v i t a t i o n  damage r e s i s t a n c e  of  ma- 
t e r i a l s .  The magne tos t r i c t ion  o s c i l l a t o r  s a t i s f i e s  t h e  fo l lowing  
c r i t e r i a  : 
BYDRONAUTICS, Inco rpora t ed  
-4- 
(1) Produces s u f f i c i e n t  i n t e n s i t y  to permit  r e l a t i v e l y  
s h o r t  t e s t i n g  times. 
( 2 )  Operates  simply, p r e c i s e l y ,  and r e l i a b l y  to y i e l d  
f r e q u e n t  and r e l i a b l e  d a t a  with l i t t l e  shut-down. 
( 3 )  Compact s i z e  a l lows o p e r a t i o n  i n  a minimum volume 
of  l i q u i d  metal  thus  making a l l  phases  of l i q u i d  metal  hand l ing  
and c l ean ing  e a s i e r .  
On t h e  b a s i s  of t h e  above c r i t e r i a ,  t h e  m a g n e t o s t r i c t i o n  ap- 
p a r a t u s  was chosen a s  t h e  t e s t i n g  appa ra tus  to be  used i n  t h i s  
program. 
The appa ra tus  used by HYDRONAUTICS, Inco rpora t ed  under an 
e a r l i e r  NASA c o n t r a c t  ( N A S r - 1 0 5 )  has  been desc r ibed  i n  d e t a i l  i n  
e a r l i e r  r e p o r t s  (1,2). On t h e  b a s i s  of  t h e s e  e a r l y  t e s t s ,  i t  was 
concluded t h a t  a more d e t a i l e d  a n a l y s i s  could be accomplished on 
a more s o p h i s t i c a t e d  l e v e l  i f  new equipment could be used .  Con- 
sequen t ly ,  a new l a b o r a t o r y  appa ra tus  was designed and f a b r i c a t e d .  
The o b j e c t i v e s  of this program a r e  two-fold.  The f i r s t  i s  
t h e  de t e rmina t ion  of t h e  c a v i t a t i o n  damage behavior  of s e l e c t e d  
r e f r a c t o r y  metal  a l l o y s  and 316 s t a i n l e s s  s t e e l  i n  l i q u i d  sodium 
a t  tempera tures  up to 1500 F. The second o b j e c t i v e  i s  to i n -  
v e s t i g a t e  methods for p r e d i c t i n g  c a v i t a t i o n  damage i n  a c t u a l  op- 
e r a t i n g  equipment by c o r r e l a t i n g  a c c e l e r a t e d  l a b o r a t o r y  t e s t s  
wi th  d a t a  a v a i l a b l e  under r e a l  time c o n d i t i o n s .  
0 
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I n  a s tudy  such a s  t h i s  many v a r i a b l e s  e x i s t ,  such a s :  
(1) The e f f e c t  of l i q u i d  metal  p h y s i c a l  p r o p e r t i e s  
over  t h e  tempera ture  r ange  and t h e  p u r i t y  of t h e  l i q u i d  metal .  
(2) The e f f e c t  of t h e  t e s t  m a t e r i a l  p r o p e r t i e s  over  
t h e  tempera ture  range .  
( 3 )  The e f f e c t  of t h e  atmosphere over  t h e  l i q u i d  meta l .  
Each of t h e s e  v a r i a b l e s  could be t h e  s i n g l e  s u b j e c t  of  i n t e r e s t  
i n  a r e s e a r c h  program; hence one of t h e  purposes of t h i s  c u r r e n t  
program i s  t o  d e f i n e  these v a r i a b l e s .  
Therefore ,  t h e s e  experiments a r e  p r i m a r i l y  aimed towards 
q u a l i f y i n g  cand ida te  m a t e r i a l s  f o r  u s e  i n  t h e  aforementioned 
a u x i l i a r y  power systems for space  e x p l o r a t i o n .  The f i v e  a l l o y s  
of i n t e r e s t  a r e  l i s t e d  i n  Table 1. The p r o p e r t i e s  and charac-  
t e r i s t i c s  o f  each of t h e s e  a l l o y s  w i l l  be covered i n  more d e t a i l  
l a t e r  i n  t h e  r e p o r t ,  b u t  a s  a g e n e r a l  s t a t emen t  it may be  s a i d  
t h a t  a l l  of t h e s e  a l l o y s  e x h i b i t  to vary ing  degrees ,  h igh  s t r e n g t h  
and o t h e r  d e s i r a b l e  mechanical p r o p e r t i e s  a t  e l e v a t e d  t empera tu res .  
Each a l l o y  s e l e c t e d  has  a d i f f e r e n t  base  metal  a s  i t s  prime con- 
s t i t u e n t .  The s e l e c t i o n  of m a t e r i a l s  i n  t h i s  manner a l lows  for 
t h e  s c r e e n i n g  of t y p i c a l  a l l o y s  of a r e f r a c t o r y  group (except  
f o r  t h e  316 s t a i n l e s s  s t e e l  which i s  used f o r  comparison pu rposes )  
so  t h a t  promising m a t e r i a l s  can be i d e n t i f i e d  r a p i d l y  for more 
d e t a i l e d  s t u d i e s  i n  f u t u r e  programs. 
To g a i n  f u r t h e r  i n s i g h t  i n t o  t h e  p r o p e r t i e s  of a m a t e r i a l  
which might i d e n t i f y  i t  a s  being r e s i s t a n t  to c a v i t a t i o n  damage, 
h igh  frequency f a t i g u e  and s t r e s s  co r ros ion  c racking  t e s t s  w i l l  
HYDROVAIJT; SS , Inco rpora t ed  
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be  made on two of t h e  a l l o y s  o f  i n t e r e s t ,  TZM and 316 s t a i n l e s s  
s t e e l .  
environnent  such a s  t h a t  used for t h e  c a v i t a t i o n  damage t e s t s .  
Both of t h e s e  t e s t s  w i l l  be conducted i n  a l i q u i d  sodium 
111. CALIBRATION OF THE TEST FACILITY 
The t e s t  f a c i l i t y ,  F igure  1, f o r  conduct ing c a v i t a t i o n  dam- 
age  experiments on r e f r a c t o r y  me ta l s  i n  h igh  tempera ture  a l k a l i  
l i q u i d  meta ls  was designed and f a b r i c a t e d  under t h e  prev ious  
Cont rac t  NASr-105. 
f i c a t i o n  requi rements  were r e p o r t e d  e a r l i e r  i n  References 1 and 2.  
The d e t a i l s  of des ign  and t h e  g e n e r a l  s p e c i -  
During t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  t e s t  f a c i l i t y  w i th  
a l l  i t s  i n t e r c o n n e c t i n g  piping,  e l e c t r i c a l  wi r ing  and i n s t r u -  
mentat ion was assembled, t e s t e d ,  and c a l i b r a t e d .  The f i n a l  qua l -  
i f i c a t i o n  o f  t h e  f a c i l i t y  r equ i r ed  t h a t  t h e  p u r i t y  of sodium used 
i n  t h e  experiment,  be maintained a t  less than  20 ppm of  oxide  
over  an e igh t  hour pe r iod  under normal t e s t i n g  c o n d i t i o n s .  To 
a t t a i n  t h i s  o b j e c t i v e  of  sodium p u r i t y ,  cons ide rab le  t ime was 
s p e n t  i n  checkfng-out t h e  minute d e t a i l s  o f  o p e r a t i o n  and pe r -  
formance. 
l a r l y  e l u s i v e  t o  f i n d  and remedy. 
Leaks i n  t h e  vacuum and cover gas  systems were p a r t i c u  
It  i s  b e l i e v e d  t h a t  t h i s  f a c i l i t y  i s  unique i n  t h a t  i t  i s  
t h e  f i r s t  m a g n e t o s t r i c t i o p  device,  with a l l  t h e  a u x i l i a r y  systems 
s e l f - c c n t a i n e d ,  s p e c i f i c a l l y  designed t o  perform c a v i t a t i o n  dam- 
age  tests i n  l i q u i d  sodiun a t  e l e v a t e d  tempera tures .  Desp i t e  
thP  many des ign  featusaes o f  t h e  f a c i l i t y  c o n s i d e r a b l e  t ime  i s  r e -  
q u i r e d  to o b t a i n  c o n t r o l l e d  exper imenta l  c o n d i t i o n s .  The sequence 
HYDRONAT.T.ICS, Incorporazed 
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of  s t e p s  involved  i n  a normal exper imenta l  run  over  a n  e i g h t  
hour pe r iod  i s  g iven  i n  Table 2. Many o t h e r  o p e r a t i o n s  i n  ad- 
d i t i o n  t o  t h o s e  l i s t e d  i n  Table 2 must be done, such a s  logging  
o p e r a t i o n a l  and o t h e r  experimental  d a t a ,  c l e a n i n g  and weighing 01’ 
specimens, and main ta in ing  a cont inuous watch on a l l  i n s t rumen t s  
which a r e  monitor ing t h e  experiment.  A s  exper ience  and conf idence  
w i t h  t h e  f a c i l i t y  i n c r e a s e ,  such t a s k s  a s  t a k i n g  t h e  l e a k  r a t e  
d a i l y  may be  circumvented, i f  pump down p r e s s u r e s  appear  normal,  
Also, t h e  a d d i t i o n  o f  a t iming swi t ch  which w i l l  a l low t h e  h o t  
t r a p  t o  cool  b e f o r e  t h e  normal working day begins  w i l l  a l s o  s e r v e  
t o  i n c r e a s e  t h e  a c t u a l  t e s t i n g  time a t t a i n a b l e  i n  t h e  argon 
chamber I 
It i s  worth reviewing t h e  major d i f f i c u l t i e s  encountered 
wi th  t h e  va r ious  systems o f  the  t e s t  f a c i l i t y  and t h e  means t aken  
to c o r r e c t  f a u l t y  o p e r a t i o n  or performance, 
A ,  Vacuum System 
The vacuum chamber was designed t o  be evacuated t o  an  ab-  
s o l u t e  ppessu re  o f  2.5 x t o r r  of mercury i n  a r e a s o n a b l e  
p e r i o d  of t i m e  (one t o  two hours when the  chamber i s  d r y  and 
c l e a n ) .  A p r e s s u r e  i n c r e a s e  n o t  t o  exceed 15 X to r r /hour  
was specified. T h e s e  f i g u r e s  were achieved for t h e  s t r i p p e d  
down vacuum chamber a s  d e l i v e r e d  by t h e  f a b r i c a t o r .  The a d d i -  
t i o n  of  t h e  a u x i l i a r y  p ip ing  systems f o r  cover gas  and sodium, 
which were r e q u i r e d  for t he  o p e r a t i o n  of t h e  i n t e g r a t e d  f a c i l i t y ,  
i n c r e a s e d  t h e  i n c i d e n c e  of l eaks  beyond t h a t  which could be  t o l -  
e r a t e d .  Therefore ,  sys t ema t i c  l e a k  d e t e c t i o n  and c o r r e c t i o n  had 
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to be undertaken.  The s p e c i f i e d  p r e s s u r e s  were achieved,  a f t e r  
an exhaus t ive  sea rch  f o r  minute l e a k s  a t  t h e  numerous s e a l s  and 
va lves .  
to be p a r t i c u l a r l y  troublesome. 
High tempera ture  gaske t s  and dynamic O-ring s e a l s  proved 
I n  many a r e a s ,  t h e  design s o p h i s t i c a t i o n  of t h e  f a c i l i t y  was 
conf ined  by t h e  s t a t e - o f - t h e - a r t .  General  examples a r e  l i s t e d  
below. 
1. O-ring s e a l s  f o r  t h e  r e t o r t  f l a n g e  would r each  
1200°F when t h e  r e t o r t  was heated to 1500°F. 
so lved  by u s i n g  s i l v e r  p l a t e d  Incone l  O-rings and by u s i n g  
316 s t a i n l e s s  s t e e l  b o l t s  to reduce  d i f f e r e n t i a l  permanent s e t  
due to thermal  cyc l ing .  
This problem was 
2. Addit ion of band h e a t e r s  t o  t h e  specimen l o c k  
caused l o c a l  over -hea t ing  of buna O-rings and gave r i s e  to l e a k s  
i n  t h e  specimen l o c k  and i n  t he  box. A f t e r  s e v e r a l  t r i a l s  t h e  
c a p a c i t y  of t h e  h e a t e r s  was reduced u n t i l  t h e  O-rings performed 
s a t i s f a c t o r i l y .  
3. T h e  cover gas  system a s  designed o r i g i n a l l y  gave 
r i s e  t o  too many l e a k s  i n  the  f i t t i n g s .  This problem was so lved  
by e l i m i n a t i n g  s e v e r a l  f i t t i n g s ,  t he reby  dec reas ing  t h e  pos- 
s i b i l i t i e s  f o r  l e a k s  which, of course,  e l imina ted  s e v e r a l  s a f e t y  
f e a t u r e s  such a s  r e g u l a t o r s  and d r i e r s .  P resen t  exper ience  i n -  
d i c a t e s  t h a t  wi th  c a r e  t h e s e  s a f e t y  f e a t u r e s  a r e  n o t  necessa ry ,  
4 .  T n e  P i r a n i  (thermocouple t y p e )  vacuum gauges used 
i n  t h e  f a c i l i t y  were found t o  be inadequa te  for t h e  purpose i n  
s p i t e  of r epea ted  c a l i b r a t i o n  and f a c t o r y  ad jus tment .  This  
~~ 
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problem was so lved  by u s i n g  a McLeod gauge f o r  de te rmining  ab- 
solute vacuum. The P i r a n i  gauges a r e  s t i l l  used to determine  
l e a k  F a t e s  i n  t h e  d r y  box. 
5. Leak d e t e c t i o n  i n  t h e  v a r i o u s  components was an  
e l u s i v e  process  laequiring cons ide rab le  time. A helium l e a k  de- 
t e c t o r ,  ope ra t ed  by a t r a i n e d  t e c h n i c i a n ,  was used to l o c a t e  t h e  
f i n a l  l e a k s .  
B. Cover Gas System 
The nex t  impor tan t  system which r e q u i r e d  c o n s i d e r a b l e  de- 
s i g n  mod i f i ca t ion ,  adjustment  and check-out was t h e  cover gas  
system. 
and r e l i a b i l i t y  inasmuch a s  commercial sou rces  f o r  h igh  p u r i t y  
aragon were a v a i l a b l e .  Some problems a s s o c i a t e d  wi th  t h e  cover 
gas  system a r e  l i s t e d  below. 
A s t a t i c  cover gas  system was s p e c i f i e d  f o r  s i m p l i c i t y  
1. The 02 ana lyze r  and t h e  hygrometer gave s e v e r a l  
i n i t i a l  t r o u b l e s  because of  t h e  s p e c i a l i z e d  n a t u r e  of t h e i r  u s e  
f o r  t h i s  p a r t i c u l a r  case .  
for u s e  w i t h  p o s i t i v e  p r e s s u r e s  a t  bo th  i n l e t  and o u t l e t .  S ince  
%he d r y  box cannot b e  p re s su r i zed ,  sampling of  t h e  a rgon  a t  
v a r i o u s  time i n t e r v a l s  r e q u i r e d  a vacuum pump to p u l l  t h e  argon 
from t h e  test chamber, and through t h e  a n a l y z e r s .  A f t e r  s e v e r a l  
t r 5 a l s ,  s a t i s f a c t o r y  sampling c i r c u i t s  f o r  bo th  t h e  02 meter 
and t h e  hygrometer wepe pe r fec t ed .  During t h e s e  t r i a l s ,  t h e  
components o f  t he  meters had t o  be r e p l a c e d  s e v e r a l  times and 
t h e  meters had t o  be  r e c a l i b r a t e d .  
These a n a l y z e r s  a r e  mainly in t ended  
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2.  The cover gas  p ip ing  system was modified t o  reduce  
t h e  p o s s i b i l i t y  of l e a k s  a s  po in ted  o u t  e a r l i e r .  
covey gas  p i p i n g  c i r c u i t  was shown i n  References 1 and 2.  
The o r i g i n a l  
3. When t h e  g love  p o r t  covers  a r e  removed, exposing 
t h e  PVC g loves  to both  room and d r y  box atmospheres,  d i f f u s i o n  
of mois ture  and oxygen through t h e  g loves  i s  a major problem 
imposed by t h e  s t a t e - o f - t h e - a r t .  There a r e  b u t y l  g loves  a v a i l -  
a b l e  w i t h  much lower moisture  and oxygen d i f f u s i o n  r a t e s .  How- 
ever ,  t h e s e  g loves  cannot be used because t h e  su lphur  in t roduced  
i n t o  t h e  b u t y l  du r ing  v u l c a n i z a t i o n  i s  r e l e a s e d  i n t o  t h e  d r y  
box when t h e  box i s  under vacuum. Apart  from t h e  i n h e r e n t  d i f -  
f i c u l t y  of high d i f f u s i o n  r a t e s  through t h e  PVC g loves  ( 3 ) ,  t h e  
q u a l i t y  of manufacture i s  a l s o  n o t  ve ry  encouraging.  S e v e r a l  
g loves  had t o  be  r e t u r n e d  due to manufactur ing d e f e c t s .  F ig-  
u r e  3 shows t h a t  f o r  reasonable  g love  exposure times t h e  O2 and 
H 2 0  l e v e l s  i n  t h e  box can be kept  to a c c e p t a b l e  va lues ,  l e s s  
t han  50 ppm t o t a l .  
C .  Sodium T r a n s f e r  System 
The unique  f e a t u r e  o f  t h i s  m a g n e t o s t r i c t i o n  t e s t  f a c i l i t y  
i s  t h e  s e l f - c o n t a i n e d  n a t u r e  o f  sodium s t o r a g e ,  p u r i f i c a t i o n  
( h o t  t r a p p i n g ) ,  and t r a n s f e r ,  
system can be found i n  References 1 and 2.  
i s  purchased i n  200 pound s t a i n l e s s  s t ee l  s t o r a g e  drums having  
maximum ox ide  contaminat ion o f  50 ppm, Twenty-five pound ba tches  
of t h i s  sodium a r e  t r a n s f e r r e d  i n t o  a s p e c i a l l y  designed 
A d e t a i l e d  d e s c r i p t i o n  of t h i s  
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t r a p  con ta in ing  zirconium chips .  The h o t  t r a p  i s  hea ted  con- 
t i n u o u s l y  a t  1400 F t o  remove oxides  i n  t h e  sodium to below 
10  ppm. After  h o t  t r app ing ,  the  sodium i s  t r a n s f e r r e d  to t h e  
t e s t  r e t o r t  where t h e  c a v i t a t i o n  experiments a r e  performed. One 
drum of  sodium w i l l  f i l l  t h e  h o t  t r a p  approximately 8 t imes .  Each 
ho t  t r a p  o f  sodium y i e l d s  approximately 13 r e t o r t  f i l l i n g s .  
0 
Problems a s s o c i a t e d  w i t h  t h i s  system a r e :  
1. Trans fe r  l i n e  blockage due to r e s i d u a l  ox ide  and 
calabon d e p o s i t s  and/or due t o  non-uniform h e a t i n g  of t h e  t r a n s f e r  
l i n e s .  
2. Sodium vapor blockage of  t h e  vacuum and gas  l i n e s  
e n t e r i n g  t h e  h o t  t r a p  due t o  condensing of sodium vapor i n  t h e s e  
l i n e s .  This r e q u i r e s  p e r i o d i c  c l ean ing .  No r e l i a b l e  vapor t r a p  
i s  y e t  a v a i l a b l e .  
D. Heating and Cooling Systems 
The r e t o r t  system inco rpora t ed  i n t o  t h e  bottom of t h e  t e s t  
f a c i l i t y  i s  ope ra t ed  a t  temperatures  up to 1500 F. At t h e  same 
t i m e  t he  working s u r f a c e s  of t h e  box have t o  b e  maintained below 
150°F. 
0 
Much of t h e  coo l ing  water va lv ing  s u p p l i e d  by t h e  d r y  box 
manufacturer  was e l imina ted  i n  o r d e r  to o b t a i n  t h e  d e s i r e d  flow 
r a t e s  through t h e  f a l s e  bottom of  t h e  d r y  box. It was a l s o  found 
t h a t  improper f i t t i n g  of  remote tempera ture  i n d i c a t i n g  bulbs  i n  
t h e  l i n e  r e s u l t e d  i n  blockage of flow; t h i s  t o o  was c o r r e c t e d .  
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These mod i f i ca t ions  r e s u l t e d  i n  much more a c c e p t a b l e  tempera ture  
d i s t r i b u t i o n s  a c r o s s  t h e  bottom of t h e  d r y  box, a s  shown i n  Fig-  
u r e  4. A s h e e t  metal  g l o v e  s h i e l d  around t h e  r e t o r t  nozz le  i s  
used for high  tempera ture  experiments t o  f u r t h e r  p r o t e c t  the  op- 
e r a t o r .  D i f f i c u l t y  i s  s t i l l  exper ienced  with t h e  O-ring i n  t h e  
r e t o r t  f l a n g e  n o z z l e  used t o  s e a l  t h e  e l e v a t i n g  head (a  s l i d i n g  
f i t ) .  A t  t h e  h i g h e r  temperatures ,  t h e  O-ring becomes hard  and 
b r i t t l e  and t h e  male f i t t i n g  on the  e l e v a t i n g  head o c c a s i o n a l l y  
breaks  t h e  O-ring a s  i t  s l i d e s  through, t he reby  d e s t r o y i n g  t h e  
vapor and vacuum s e a l  and contaminat ing t h e  sodium wi th  carbon 
d e b r i s .  T h i s  problem could b e  e l i m i n a t e d  by u s i n g  a metal  O-ring, 
which c u r r e n t l y  i s  a non-standard commercial i tem. P r e s e n t l y  t h e  
O-ring i s  r e p l a c e d  p e r i o d i c a l l y  when i t  begins  t o  show wear. 
The e l e c t r i c a l  con tac t s  of t h e  retolat  f u r n a c e  have been 
found to o x i d i z e  under h igh  tempera ture ,  t he reby  r educ ing  t h e  
u l t i m a t e  tempera ture  due t o  t h e  i n c r e a s e d  con tac t  r e s i s t a n c e  
formed a c r o s s  the  low vol tage  connec t ions .  P e r i o d i c a l l y  t h e s e  
c o n t a c t s  must be cleaned i n  o r d e r  to mainta in  e f f i c i e n t  s e r v i c e .  
I n  a d d i t i o n ,  more i n s u l a t i o n  had t o  be  added to t h e  e x t e r i o r  of 
t h e  pot - type  l a b o r a t o r y  r e t o r t  f u r n a c e  to prolong i t s  u s e f u l  l i f e .  
E. Sodium Analyses 
The f i n a l  c a l i b r a t i o n  o f  t h e  d r y  box r e q u i r e d  t h a t  con- 
t amina t ion  o f  sodium samples i n  t h e  r e t o r t  be maintained below 
20 ppm ovep an  8 hour experimental  run  under normal o p e r a t i n g  
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c o n d i t i o n s .  Commercial a n a l y s i s  f o r  oxygen l e v e l  i n  sodium by 
t h e  r e l a t i v e l y  s t anda rd  method of mercury amalgamation was con- 
s i d e r e d ,  bu t  due to t h e  h igh  c o s t ,  i n h e r e n t  exper imenta l  d i f -  
f i c u l t i e s  and long  de lays  i n  r e p o r t i n g  r e s u l t s ,  t h i s  method o f  
a n a l y s i s  was deemed u n s u i t a b l e  f o r  u s e  on t h i s  program. NASA 
s p e c i f i e d  t h a t  t h e  r e c e n t l y  developed neu t ron  a c t i v a t i o n  t ech -  
nique,  which was a v a i l a b l e  as a commercial s e r v i c e ,  be used f o r  
oxygen a n a l y s i s  of t he  sodium, 
B r i e f l y ,  t he  t echn ique  works on t h e  fo l lowing  p r i n c i p l e :  
P rope r ly  prepared  samples of sodium a r e  exposed t o  h igh  energy 
f a s t  neu t rons  for a f r a c t i o n  of  a minute, where upon t h e  forma- 
t i o n  of t h e  i s o t o p e ,  i s  induced by t h e  D ( n , p )  N r e a c -  
t i o n .  The amount of  N formed i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
oxygen i n  t h e  sample. Immediately a f t e r  i r r a d i a t i o n ,  t h e  sample! s 
r a d i o a c t i v i t y  i s  measured and ana lyzed  by mult i -channel  gamma r a y  
spec t romet ry .  
16 16 
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There a r e  some important  advantages of t h e  neu t ron  a c t i v a -  
t i o n  technique  over  t h e  mercury amalgamation t echn ique ,  Neutron 
a c t i v a t i o n  can be done qu ick ly  and i s  r e l a t i v e l y  inexpens ive ;  
f u r t h e r ,  t h e  sample remains s e a l e d  i n  i t s  c o n t a i n e r  throughout  
t h e  a n a l y s i s .  The lower l i m i t s  of s e n s i t i v i t y  a r e  r e p o r t e d  t o  
be  30 micrograms o f  oxygen per sample wi th  a s i n g l e  i r r a d i a t i o n  
p r e c i s i o n  of about  +3O percent  of  t h e  v a l u e  ( 4 ) .  
gram sample, t h i s  would b e  6 ppm. However, t h e  i r r a d i a t i n g  
t a r g e t  s t r e n g t h ,  count ing r a t e s ,  o p e r a t o r  e r r o r  and t h e  contami- 
n a t i o n  w i t h i n  t h e  c o n t a i n e r ,  can cause  l a r g e  d e v i a t i o n s  from t h e  
mean r ead ing .  Other i n v e s t i g a t o r s  (5 )  have r e p o r t e d  t h a t  oxygen 
For a f i v e  
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d e t e c t i o n  below 10 m g  i s  d i f f i c u l t  and o n l y  wi th  r e l a t i v e l y  l a r g e  
samples of 100 gms can ana lyses  be made to 10 ppm *l5 p e r c e n t .  
This  w i l l  be  d i scussed  more f u l l y  l a t e r  i n  l i g h t  of a n a l y s e s  made. 
The sampling technique  was d i f f i c u l t  and had to be p e r f e c t e d  
a f t e r  s e v e r a l  t r i a l s .  The d i f f i c u l t i e s  encountered i n  sampling 
sodium were so lved  a s  fo l lows :  
1. I n i t i a l l y  a 1/8" O.D. 316 s t a i n l e s s  s t e e l  tube  was 
f i t t e d  i n t o  t h e  r e t o r t  head through a compression s e a l  f i t t i n g .  
The sodium was pumped f r o m  t h e  r e t o r t  through t h i s  p i p e  by p r e s -  
s u r i z i n g  t h e  r e io r . ' ~ .  Tnis method proved to b e  t e d i o u s  because 
of  t h e  n e c e s s i t y  to h e a t  t h e  sampling tube  so  t h a t  t h e  sodium 
would n o t  s o l i d i f y  i n  t h e  tube.  S ince  i t  was d i f f i c u l t  to con- 
trol t h e  tempera ture  of  the  tube  and t h e  p r e s s u r e  i n  t h e  r e t o r t  
s imul taneous ly ,  t h e  sodium o c c a s i o n a l l y  overflowed the  sample 
c a p s u l e  i n t o  t h e  d r y  box. This method was d i sca rded  i n  f a v o r  of  
a s imple  d i p  t u b e  which al lows more p r e c i s e  capsu le  f i l l i n g  b u t  
may i n t r o d u c e  g r e a t e y  contaminat ion t o  t h e  sample. However, 
s e v e r a l  d i p  tubes  a r e  used, each one cleaned thoroughly  b e f o r e  
and a f t e r  each sampling. 
2. The sample capsule  i s  welded i n  t h e  d r y  box u s i n g  
a t u n g s t e n  e l e c t r o d e .  This  welding t echn ique  r e q u i r e d  some de- 
velopment t ime.  Any sodium we t t ing  of  t h e  c l o s u r e  to be  welded 
would cause  t h e  welding o p e r a t i o n  t o  be i n e f f e c t i v e ,  t h e r e f o r e ,  
f i l l i n g  t h e  capsu le  r equ i r ed  extreme c a r e .  
a t e d  du r ing  welding would expand t h e  sodium sample i n  t h e  capsu le  
caus ing  i t  to overf low before  t h e  weld s e a l  was completed. This  
problem was overcome by i n c r e a s i n g  t h e  s i z e  of  t h e  h e a t  s i n k  to 
a six i n c h  cube o f  copper. 
Also t h e  h e a t  genep- 
~~ 
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To d a t e ,  t h e  r e s u l t s  ob ta ined  by t h e  neu t ron  a c t i v a t i o n  
a n a l y s e s  l e a v e  much to be d e s i r e d .  Table  3 lists t h e  d a t a  ob- 
t a i n e d  t h u s  f a r .  I n  t h e  case  of  samples 1, 2, 3, 5, 6, 6 B  and 7, 
t h e  oxide  con ten t  appayent ly  exceeds t h e  s a t u r a t i o n  l i m i t s  f o r  
sodium ox ide  i n  sodium (Figure  5 )  and a r e  a t  l e a s t  an o r d e r  of 
magnitude above a random sample a n a l y s i s  from t h e  same r e t o r t  of 
sodium. 
contaminat ion ,  The r e s u l t s  o f  t h e  e ight -hour  sampling v a r i e d  from 
269 to 507 ppm of 02 i n  a random f a s h i o n  d e s p i t e  t h e  cont inuous 
i n c r e a s e  i n  cover gas  oxygen and moi s tu re  contaminat ion from 1 2  
to 40 ppm and 46 to 100 pprn, r e s p e c t i v e l y .  
on samples t aken  a t  t h e  beginning and a t  t h e  end of  t h e  r u n  y i e l d e d  
O2 va lues  of  34 and 35 ppm, r e s p e c t i v e l y .  Samples 43-51 show a 
g e n e r a l  downward t r e n d  i n  O2 contaminat ion but  t he  a c t u a l  va lues  
a r e  s t i l l  s u s p e c t .  
Th i s  random sample check by NASA y i e l d e d  80 ppm of  ox ide  
Independent NASA t e s t s  
F, Magne tos t r i c t ion  Assemblv  
A d e t a i l e d  s t u d y  o f  t h e  c h a r a c t e r i s t i c s  o f  t he  magnetos t r ic -  
t i o n  t r a n s d u c e r  system was made, to determine  t h e  f requency  a t  
which t h e  b e s t  q u a l i t y  f a c t o r  (Q, de f ined  a s  t h e  r a t i o  of  u s a b l e  
energy s t o r e d  to t h e  t o t a l  i npu t  energy)  i s  ob ta ined  for c a v i t a -  
t i o n  damage and h igh  frequency f a t i g u e  s t u d i e s  i n  l i q u i d  sodium. 
T h i s  i s  e s p e c i a l l y  impor tan t  f o r  t h e  f a t i g u e  experiments s i n c e  
t h e  t r a n s d u c e r  must be opera ted  a t  or nea r  t h e  optimum Q because 
of t h e  incpeased  damping o f  metals  a t  h ighe r  tempera tures .  
The procedure undertaken was a s  follows::  The r e sonan t  f r e -  
quency of t h e  t r ansduce r -ve loc i ty  t r ans fo rmer  combination can be 
v a r i e d  by changing t h e  l eng th  of t h e  ex tens ion  rods  a t t a c h e d  to 
~~ 
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t h e  f r e e  end o f  t h e  v e l o c i t y  tpansformer .  The r e l a t i o n s h i p  be- 
tween t h e  ampl i tude  (pick-up c o i l  v o l t a g e )  and t h e  f requency  i s  
expe r imen ta l ly  determined for v a r i o u s  r e s o n a n t  f r equenc ie s  a s  
shown i n  F igu re  6 for approximately c o n s t a n t  power i n p u t .  
t h e s e  da t a  t h e  q u a l i t y  f a c t o r  f o r  each r e s o n a n t  f requency  was 
determined by t h e  fo l lowing  formula: 
From 
where 
Q i s  t h e  q u a l i t y  f a c t o r ,  
a i s  t h e  loga r i thmic  declaement, 
A f  i s  t h e  band width a t  h a l f  t h e  maximum ampli tude,  and 
f i s  t h e  r e sonan t  f requency .  n 
The v a l u e  of Q f o r  valaious resonant  f r e q u e n c i e s  has  been p l o t t e d  
a s  a f u n c t i o n  of f i n  Figure 7. The des ign  of t h e  h igh  f requency  
f a t i g u e  specimens was a l s o  based on an  o p e r a t i n g  f requency  of  
1 4 . 0  kcs to o b t a i n  a neap optimum q u a l i t y  f a c t o r .  
n 
The o p e r a t i o n  of t h e  magne tos t r i c t ion  o s c i l l a t o r  a t  tempera- 
0 t u r e s  up to 1500 F (us ing  a 316 s t a i n l e s s  s t e e l  v e l o c i t y  t r a n s -  
fo rmer )  has been proven t o  be f e a s i b l e .  I n  t h i s  connect ion,  
minor d i f f i c u l t y  was experienced e a r l y  i n  t h e  program wi th  l o s s  
of t h e  o s c i l l o s c o p e  d i s p l a y  v o l t a g e  which monitored t h e  ampl i tude  
of  t h e  t r a n s d u c e r .  This t r o u b l e  was diagnosed a s  loss of mag- 
n e t i c  s t r e n g t h  i n  t h e  pick-up c o i l ,  permanent magnet system. The 
above c o n d i t i o n  was co r rec t ed  by i n s t a l l i n g  a more powerful  
magnet wi th  a h i g h e r  c u r i e  po in t .  
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I V .  TEST PROGRAM 
A, C a v i t a t i o n  Damage Tes t ing  
T h e  purpose of t h i s  phase of the program i s  t o  de te rmine  
q u a n t i t a t i v e l y  t h e  c a v i t a t i o n  damage r e s i s t a n c e  of t h e  f i v e  (5 )  
cand ida te  a l l o y s  of i n t e r e s t .  The pr imary i n t e r e s t  w i l l  be i n  
r e f r a c t o r y  a l l o y s ,  u s i n g  316 s t a i n l e s s  s t e e l  f o r  comparison pur -  
poses .  The o p e r a t i n g  temperatures  of  i n t e r e s t  a r e  400 F, 1000°F, 
and 1500°F. 
s i s t a n c e  of 316 s t a i n l e s s  s t e e l ,  over  a r ange  of tempera tures  
from 300°F t o  1500°F, w i l l  a l s o  b e  s t u d i e d .  
i m p u r i t i e s  i n  t h e  sodium w i l l  b e  eva lua ted  a t  two l e v e l s  of i m -  
p u r i t i e s ,  l e s s  t han  20 ppm and 200 f 50 ppm. 
0 
The e f f e c t  of temperature  on c a v i t a t i o n  damage r e -  
The e f f e c t  of oxygen 
All t h e  meta ls  with t h e  excep t ion  o f  C b - 1 3 2 M  have been ma- 
chined f o r  c a v i t a t i o n  damage specimens * Experiments u s i n g  316 
s t a i n l e s s  s t e e l  have begun a t  a sodium tempera ture  of 1000 F. 
Two specimens have been t e s t e d ;  one specimen f o r  t h i r t e e n  hours  
and t h e  o t h e r  f o r  25 hours .  Both of  t h e s e  b u t t o n s  e x h i b i t  dam- 
a g e  p a t t e r n s ,  bu t  a s  y e t  no weight l o s s  i s  d e t e c t a b l e .  Fig-  
upe 8 shows t h e  p r o g r e s s i o n  of damage wi th  t e s t  time on the  s u r -  
f a c e  of one specimen. These tes ts  have shown t h a t  t h e  i n t e n s i t y  
o f  c a v i t a t i o n  damage i s  very much lower than  t h a t  observed i n  
400°F sodium. 
t h e  i n t e n s i t y  of damage a s  a f u n c t i o n  of tempera ture  u s i n g  
316 s t a i n l e s s  s t e e l .  
0 
F u r t h e r  experiments a r e  i n  p r o g r e s s  t o  de te rmine  
~~~~~~ 
HYDRONAUTICS, Incorpora ted  
-18- 
B. High Frequency F a t i g u e  Tes t ing  
High frequency f a t i g u e  t e s t i n g  i n  a m a g n e t o s t r i c t i o n  o s c i l -  
l a t o r  i s  be ing  performed on 316 s t a i n l e s s  s t e e l  and TZM a long  
with stress co r ros ion  c racking  s t u d i e s ,  t o  augment t h e  c a v i t a t i o n  
damage t e s t i n g .  
j e c t e d  t o  h igh  s t r a i n  r a t e s .  
h i g h  frequency f a t i g u e  d a t a .  I n  a d d i t i o n ,  va lues  f o r  t h e  y i e l d  
and u l t i m a t e  t e n s i l e  s t r e n g t h s  can be ob ta ined  from high  s t r a i n  
r a t e  f a t i g u e  da ta  and these  va lues  can be t r a n s l a t e d  i n t o  s t r a i n  
energy da ta ,  t he reby  making a c o r r e l a t i o n  between s t r a i n  energy 
and c a v i t a t i o n  damage r a t e  more meaningful.  
M a t e r i a l s  undergoing c a v i t a t i o n  damage a r e  sub- 
These r a t e s  can be d u p l i c a t e d  i n  
F i g u r e  9 i l l u s t r a t e s  a t y p i c a l  h igh  f requency  f a t i g u e  
specimen t o  be used i n  t h i s  program. Other t ypes  o f  h i g h  f r e -  
quency f a t i g u e  specimens have been proposed e a r l i e r  (1). I n  one 
des ign ,  t h e  t a p e r  needed t o  produce a s u f f i c i e n t  s t r e s s  t o  f r a c t u r e  
t h e  metal  proved e i t h e r  t oo  c o s t l y  o r  t o o  d i f f i c u l t  t o  machine 
f o r  t h e  a l l o y s  of i n t e r e s t .  Hence, des ign  a t t e n t i o n  was focused 
on a notch-type specimen due t o  t h e  e a s e  and low c o s t  of ma- 
ch in ing  r e p r o d u c i b l e  samples. 
i s  a s  fo l lows:  
The des ign  of  a no tch- type  specimen 
1. The exponent ia l  horn  assembly i s  made t o  o s c i l l a t e  
a t  1 4 . 0  kcs by adding a 1 3/4" s t r a i g h t  316 s t a i n l e s s  s t e e l  r o d  
t o  t h e  assembly. 
2. Then a 3/8" diameter  specimen rod  of t h e  m a t e r i a l  
of i n t e r e s t  i s  a t t a c h e d  t o  t h e  t r a n s d u c e r  and lowered i n t o  the 
sodium, 
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3. Various l e n g t h s  of t h i s  rod a r e  v i b r a t e d  u n t i l  
t h e  proper  l e n g t h  i s  found t o  b r i n g  t h e  n a t u r a l  f requency  o f  t h e  
system t o  1 4 . 0  kcs .  
4. This  i s  t h e  h a l f  wave l e n g t h  a t  t h a t  f requency  f o r  
t h e  d e s i r e d  tempera ture .  
From t h e  preceding  s t e p s ,  t h e  v e l o c i t y  of sound, c, may be de-  
termined by: 
c = h * f  n 
where h i s  the  wavelength and f 
n 
From t h i s  v a l u e  of  c, t h e  modulus of e l a s t i c i t y  a l s o  can be  de- 
termined for f u t u r e  s t ress  c a l c u l a t i o n s  by: 
i s  t h e  r e sonan t  f requency.  
where E i s  t h e  modulus of e l a s t i c i t y  and p i s  t h e  m a t e r i a l  
d e n s i t y  . 
After  t h e  h a l f  wavelength of v i b r a t i o n  of the m a t e r i a l  a t  
t h e  f requency and temperature  of o p e r a t i o n  i s  determined, a no tch  
must be made a t  t h e  v i b r a t i o n a l  node so a s  t o  i n c r e a s e  t h e  s t ress  
a t  t h i s  p o i n t .  The notch geometry must be  s e l e c t e d  s o  a s  to keep 
t h e  notch  s e n s i t i v i t y  a t  a minimum. 
d e f i n e d  a s :  
The notch  s e n s i t i v i t y  i s  
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k,- 1 
where 
unno t ched P a t  i gue  s t r e n g t h  k =  f notched f a t i g u e  s t r e n g t h  ’ and 
k = t h e o r e t i c a l  s t r e s s  c o n c e n t r a t i o n  f a c t o r .  t 
The s t r a i n s  produced i n  t h e  a c t u a l  specimen a t  t h e  notch  
can be  c a l c u l a t e d  by: 
27rf n -~  E 
max C ‘max 
where 
E = s t r a i n  a t  t h e  notch,  
f 
max 
n 
L a x  
= r e sonan t  frequency, and 
= v i b r a t i o n a l  ampl i tude .  
High f requency  f a t i g u e  specimens of  316 s t a i n l e s s  s t e e l  for 
t e s t i n g  i n  sodium a t  1000°F a r e  c u r r e n t l y  being machined and w i l l  
be t e s t e d  s h o r t l y .  I n  a p re l imina ry  t e s t  performed i n  o r d e r  to 
v e r i f y  t h e  des ign ,  a specimen began t o  f a i l  a f t e r  1 1/2 minutes 
a t  a s t r e s s  l e v e l  of 55,000 p s i  and f requency  of 1 4 . 0  kcs .  C o m -  
p l e t e  f a i l u r e  occurred  a f t e r  f o u r  minutes .  This  specimen i s  
shown i n  F igu re  10. 
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C .  S t r e s s  Corrosion Cracking T e s t i n g  
P re l imina ry  s t u d i e s  on s t r e s s  c o r r o s i o n  c racking  w i l l  be made 
on two me ta l s .  The puppose o f  t h e s e  p r e l i m i n a r y  s t u d i e s  i s  to 
determine  whether t h e  s u s c e p t i b i l i t y  of a metal  to stress c o r r o s i o n  
c racking  can be used a s  an  index f o r  i t s  c a v i t a t i o n  damage r e -  
s i s t a n c e .  The meta ls  o f  i n t e r e s t  a r e  316 s t a i n l e s s  s t e e l  and TZM. 
There a r e  two methods i n  normal u s e  f o r  producing stress co r -  
r o s i o n  c racking:  c o n s t a n t  s t r a i n  and c o n s t a n t  l oad .  Under con- 
s t a n t  s t r a i n  t h e  specimen i s  loaded  to a f i x e d  v a l u e  and upon 
c rack ing  t h e  s t r e s s  i s  r e l i e v e d ,  t h e r e b y  t end ing  t o  reduce  t h e  
r a t e  o f  c racking .  I n  t h e  cons tan t  l oad  device ,  a s  c rack ing  de- 
ve lops  t h e  stress i s  inc reased  due to a d e c r e a s e  i n  c ros s - see -  
t i o n a l  a r e a  a t  t h e  c rack .  A t  t h i s  p o i n t ,  t h e  damage r a t e  i s  i n -  
c r eased  and t h e r e f o r e  i s  r e a d i l y  i d e n t i f i e d .  
The f i r s t  method ( cons t an t  s t r a i n )  employs a t y p i c a l  ho r se -  
shoe  shaped specimen o r  bent  beam i n  a f i x e d  ho lde r ,  whi le  t h e  
second method g e n e r a l l y  employs a t e n s i l e  t y p e  specimen loaded  
by weights ,  The s u s c e p t i b i l i t y  o f  a metal  to s t ress  c o r r o s i o n  
c rack ing  can b e  r e a d i l y  demonstrated by t h e  f i r s t  method, wh i l e  
a p a r a m e t r i c  s t u d y  of  t h e  amount o f  s t r e s s  ve r sus  t ime  to f a i l  i s  
more e a s i l y  ob ta ined  wi th  a c o n s t a n t  l oad  appa ra tus .  
F igu re  11 shows a proposed s t r e s s  c o r r o s i o n  specimen which 
i s  a mod i f i ca t ion  of the  horseshoe t y p e  i n  which c o n s t a n t  s t r a i n  
i s  a p p l i e d  by c l o s i n g  t h e  gap of a s p l i t  r i n g .  The maximum 
t e n s i l e  s t r e s s  occurs  on t h e  e x t e r n a l  s u r f a c e  a long  a n  a x i s  l i n e  
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o p p o s i t e  t h e  gap opening. From c l a s s i c a l  e l a s t i c  t heo ry ,  t h e  
s t ress  and d e f l e c t i o n  can be c a l c u l a t e d  w i t h  a f a i r  degree  of 
c e r t a i n t y .  However, under high tempera ture  exposure,  a l lowance 
must be made f o r  expansion of t h e  specimen and ho ld ing  b o l t  
(same m a t e r i a l  a s  the specimen) a s  wel l  a s  l o s s  of e l a s t i c  proper -  
t i e s ,  i n  de te rmining  a c t u a l  s t r e s s  l e v e l s .  S e v e r a l  sample s p e c i -  
mens w i l l  be made to determine t h e  f e a s i b i l i t y  of t r a n s l a t i n g  a 
known s t ress  l e v e l  i n  t h e  ambient tempera ture  c o n d i t i o n  to a 
p r e s e l e c t e d  s t r e s s  l e v e l  a t  t he  h igh  tempera ture  c o n d i t i o n .  I f  
t h i s  proves f e a s i b l e ,  s e v e r a l  specimens w i l l  be  exposed s t a t i c a l l y  
to l i q u i d  sodium a t  1000°F and 1500°F a t  s e v e r a l  s t r e s s  l e v e l s  
and examined p e r i o d i c a l l y  (every  60 h o u r s )  f o r  c racks  and o t h e r  
s i g n s  of  deg rada t ion .  
V. ANALYSES OF DATA 
A .  Metals to be Tested 
With t h e  except ion  of 316 s t a i n l e s s  s t e e l ,  t h e  meta ls  of 
i n t e r e s t  i n  t h i s  program a r e  t h o s e  of t h e  newly developed re-  
f r a c t o r y  group. Table  1 l i s t s  t h e  chemical composition of t h e s e  
c a n d i d a t e  m a t e r i a l s .  Due t o  t h e i r  r e l a t i v e l y  r e c e n t  development 
a b r i e f  review of each i s  u s e f u l :  
(1) 316 S t a i n l e s s  S t e e l  - An 18 p e r c e n t  C r ,  8 pe r -  
c e n t  N i ,  Mo t y p e  s t a i n l e s s  s t e e l ,  p a r t i c u l a r l y  s u i t e d  f o r  h igh  
tempera ture  s e r v i c e .  It i s  s i m i l a r  to t ype  304, except  t h a t  t h e  
a d d i t i o n  of  molybdenum g r e a t l y  i n c r e a s e s  i t s  c reep  s t r e n g t h  a t  
e l e v a t e d  tempera tures .  It i s  u s e f u l  i n  h igh  s t r e n g t h  s e r v i c e  
up to approximately 1500 F and r e s i s t a n t  to o x i d a t i o n  up to 
1650'F. 
0 
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( 2 )  S t e l l i t e  6B - A c o b a l t  based a l l o y  w i t h  a r e l a -  
t i v e l y  low (1.1 p e r c e n t )  carbon con ten t ,  making i t  t h e  e a s i e s t  
of t h e  c o b a l t  based a l l o y s  to form and work. 
( 3 )  TZM (Titanium-Zirconium-Molybdenum) - A 0.5 pe r -  
c e n t  T i ,  0 .1  pe rcen t  Z r ,  Mo based a l l o y ,  s i m i l a r  to t h e  more 
common Mo-0.5 T i ,  bu t  having g r e a t e r  h o t  s t r e n g t h  and h i g h e r  r e -  
c r y s t a l i z a t i o n  tempera ture .  E leva ted  tempera ture  s t r e n g t h  i s  
brought  about  by a combination of  s t r a i n  hardening  and p r e c i p i t a -  
t i o n  of  complex ca rb ides  caus ing  d i s p e r s i o n  hardening .  
( 4 )  T-222 (Ta-1OW-2.5 H f )  - S i m i l a r  t o  T - 1 1 1  
(Ta-8W-2Hf) bu t  i t  e x h i b i t s  s u p e r i o r  s t r e n g t h  from approximate ly  
2000°F to 35OOOF. Re ta ins  d u c t i b i l i t y  for easy  forming.  Excel-  
l e n t  c o r r o s i o n  r e s i s t a . n c e  probably  due to hafnium ba rb ides .  
( 5 )  Cb-132 M - This  a l l o y  i s  columbium based,  modi- 
f i e d  w i t h  r e a c t i v e  me ta l s  such a s  hafnium o r  z i rconium to mini- 
mize a l k a l i  meta l  c o r r o s i o n  a t t a c k .  T h i s  p a r t i c u l a r  a l l o y  i s  to 
be  supp l i ed ,  a long  wi th  informat ion  on i t s  p r o p e r t i e s ,  by NASA. 
As i n  any  newly developed a l l o y ,  t h e  da t a  a v a i l a b l e  t o  u s e r s  
of t h e  r e f r a c t o r y  meta l  alloys a r e  l i m i t e d .  These a l l o y s  a r e  
marked by t h e i r  body-centered cub ic  s t r u c t u r e  and t r a n s i t i o n  
from b r i t t l e  to d u c t i l e  behavior  over  a r e l a t i v e l y  narrow tem- 
p e r a t u r e  r ange .  The columbium and tan ta lum a l l o y s  d e r i v e  t h e i r  
s t r e n g t h  by forming s o l i d  s o l u t i o n s  a t  t h e  h igher  tempera tures ,  
whereas t h e  molybdenum based a l l o y  (TZM) d e r i v e s  i t s  s t r e n g t h  
from s t r a i n  hardening  and complex i n t e r s t i t i a l  ca rb ides  a t  h i g h e r  
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tempera tures .  A l l  o f  t h e  r e f r a c t o r y  meta ls  o x i d i z e  c a t a s t r o p h -  
i c a l l y  i n  a i r  atmospheres a t  e l e v a t e d  tempera tures ,  i n  some cases  
l e a d i n g  to embri t t lement  of the  b a s e  metal  or format ion  of v o l -  
a t i l e  ox ides  which burn i n  a i r  (Reference 6 ) .  For t h i s  reason ,  
t h e  e f f e c t  of d i f f e r e n t  oxygen p u r i t y  l e v e l s  o f  sodium s h a l l  be 
s t u d i e d  to s e e  i f  oxygen contamination of sodium a f f e c t s  t h e  
c a v i t a t i o n  damage r e s i s t a n c e  o f  t h e s e  me ta l s .  
A s  s t a t e d  i n  e a r l i e r  r e p o r t s  (References 1 and 2 )  i t  i s  be- 
t h e  s t r a i n  energy of  a l i e v e d  t h a t  a c o r r e l a t i o n  e x i s t s  between 
m a t e r i a l  and its r e s i s t a n c e  to c a v i t a t i o n  damage. Complete 
s t r e s s - s t r a i n  curves  t o  f r a c t u r e  a t  t empera tures  of i n t e r e s t  of 
even common meta ls  a r e  d i f f i c u l t  t o  o b t a i n .  This  problem becomes 
s t i l l  more a c u t e  when cons ide r ing  r e f r a c t o r y  a l l o y s ,  hence the  
e, s t r a i n  energy, 
fo l lowing  formula: 
f o r  a given temperature ,  i s  es t imated  by t h e  
Y.S. + T . S . )  E s = (  
2 e 
where 
Y.S. i s  t h e  y i e l d  s t r e n g t h ,  
T.S. i s  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  and 
E i s  t h e  s t r a i n .  
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Figures  12 ,  13, 1 4  and 15 show t h e  t h r e e  mechanical p r o p e r t i e s  
( y i e l d  s t r e n g t h ,  t e n s i l e  s t r e n g t h ,  and e l o n g a t i o n )  of  f o u r  of t h e  
f i v e  a l l o y s  of i n t e r e s t  a s  func t ions  of  tempera ture .  Based on 
t h e s e  da t a  and t h e  g e n e r a l  formula p re sen ted  f o r  s t r a i n  energy, 
F igu re  16 was prepared .  This shows t h e  e s t ima ted  s t r a i n  e n e r g i e s  
of  each of t h e  f o u r  a l l o y s  a s  f u n c t i o n s  of tempera ture .  It i s  
expected t h a t  t h e  experimental  da t a  ob ta ined  on t h e  c a v i t a t i o n  
damage r e s i s t a n c e  of  t h e s e  metals  may be  r e l a t e d  to t h e i r  s t r a i n  
e n e r g i e s .  
V I .  FUTURE WORK 
A .  Sodium Analyses 
S t a t i s t i c a l l y  r e p r e s e n t a t i v e  samples w i l l  be s e n t  to NASA- 
Lewis Research Center  f o r  a n a l y s i s  by a modified mercury amal- 
gamation technique .  
B. C a v i t a t i o n  Damage Tes t s  
Experimental  i n v e s t i g a t i o n s  on t h e  c a v i t a t i o n  damage r e -  
s i s t a n c e  of  316 s t a i n l e s s  s t e e l  i n  sodium a t  v a r i o u s  tempera tures  
from 300 to 1500°F a t  100' i n t e r v a l s  w i l l  be  cont inued .  
planned to t e s t  t h e  c a v i t a t i o n  damage r e s i s t a n c e  of a l l  t h e  
1000°F and a t  1500°F. 
It i s  
m a t e r i a l s  l i s t e d  i n  Table  1 a t  sodium tempera tures  of 400 0 F, 
C .  Corrosion F a t i g u e  Tests 
F i n a l  des igns  o f  t h e  1500°F 316 s t a i n l e s s  s t e e l  f a t i g u e  
specimen and t h e  1000°F and 1500°F TZM f a t i g u e  specimens w i l l  be 
made and a p p r o p r i a t e  f a t i g u e  specimens w i l l  be f a b r i c a t e d .  The 
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1000°F 316 s t a i n l e s s  s t e e l  f a t i g u e  specimens a r e  r eady  and w i l l  
be t e s t e d  a s  soon a s  c a v i t a t i o n  damage d a t a  a r e  c o l l e c t e d .  
D. S t r e s s  Corrosion Cracking T e s t s  
Seve ra l  316 s t a i n l e s s  s t e e l  and TZM r i n g  specimens w i l l  be 
p r e s t r e s s e d  and t e s t e d  s t a t i c a l l y  i n  l i q u i d  sodium a t  1000°F and 
1500 F, over  week-end pe r iods  when t h e  c a v i t a t i o n  appa ra tus  i s  
not used.  This w i l l  be done a s  soon a s  t h e  a n a l y s i s  of t h e  i n -  
duced s t r e s s  l e v e l s  a t  h igh  tempera ture  can be made. 
0 
E. Analyses o f  Data 
A s y s t e m a t i c  a n a l y s i s  w i l l  be performed on t h e  d a t a  ob- 
t a i n e d  from t h e  v a r i o u s  t es t s  which w i l l  be run  du r ing  t h e  q u a r t e r .  
It w i l l  be  determined whether t h e  mechanical p r o p e r t i e s  o f  t h e  
v a r i o u s  a l l o y s  t e s t e d  i n  t h i s  p e r i o d  can be r e l a t e d  to t h e  cav i -  
t a t i o n  damage r e s i s t a n c e  of  t h e  a l l o y s .  The da ta  ob ta ined  from 
c o r r o s i o n  f a t i g u e  and s t r e s s  c o r r o s i o n  c racking  s t u d i e s  w i l l ,  
a l ong  w i t h  t h e  p h y s i c a l  p r o p e r t i e s  of t h e  l i q u i d  metal  and i t s  
c o r r o s i o n  and mass t r a n s f e r  t endenc ie s ,  be used t o  augment t h e  
a n a l y s e s  . 
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TABLE 2 
F a c i l i t y  Operation Over An Eight  Hour Per iod  
T ime  
0830 
0915 
093 5 
1000 
1100 
1500 
1600 
1630 
1700 
Task 
Dry box has been under vacuum over  n i g h t  whi le  
sodium has been h o t  t r apped  a t  1400°F. Secure  
vacuum valves  to a i r  lock ,  specimen l o c k  and main 
chamber. Heat t r a n s f e r  l i n e s .  Start up 02 and 
H20 a n a l y z e r s  f o r  sampling cover gas  manifold.  
Reduce h o t  t r a p  tempera ture  f o r  t r a n s f e r .  Evacuate 
r e t o r t .  
Determine l e a k  r a t e  i n t o  main chamber. I f  l e s s  
t han  15 p/hr, t hen  back f l u s h  box wi th  cover g a s .  
Bring cover gas to atmospheric  p r e s s u r e .  Switch 
a n a l y z e r s  to monitor box atmosphere. 
I f  anal .yzers  a r e  r e a d i n g  less  than  a t o t a l  o f  5 ppm 
of  O2 and HzO, t r a n s f e r  sodium to r e t o r t  and h e a t  
to t e s t  temperature .  
Begin f o u r  hours of c a v i t a t i o n  t e s t i n g  on s e l e c t e d  
specimens ~ Weighings a r e  taken  hourly.  
Complete l a s t  c a v i t a t i o n  t e s t .  Sample sodium a t  
t e s t  temperature .  Cool sodium f o r  t r a n s f e r  to 
dump drum. 
Dump sodium and a l low sodium vapor i n  box 
atmosphere t o  condense. 
I f  a l l  sodium vapor i n  box atmosphere has  con- 
densed, p u l l  vacuum ove r  n i g h t  and s e c u r e  a l l  
o t h e r  systems. 
Maintain ho t  t r a p  tempera ture  a t  1400°F, over  
n i g h t .  
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TABLE 3 
Oxygen Analyses of Sodium Samples 
by t h e  Neutron A c t i v a t i o n  Technique 
No. Sample Cover Gas (ppm) Na Temp. Oxygen 
Type 02 H2 0 O F  PPm Remarks 
-. 
00 
01 
02 
05 
06 
1 
2 
3 
5 
6 
6B 
7 
8 
Blank 
Blank 
Blank 
Blank 
Blank 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
Sodium 
% 
3 
3 
8 
3 
% 
% 
% 
3 
8 
14 
14 
14 
% 
30 
60 
85 
30 
* 
* 
. x 8  
60 
85 
45 
90 
120 
* 
% 
% 
* 
% 
950 
1000 
1000 
1000 
1000 
450 
600 
1000 
30.7 
30.2 
40.6 
3220" 
6800* 
5570* 
7450* 
6300" 
For purpose 
of t e s t i n g  
weld c l o s u r e s  
Siphon Trans- 
f e r ,  cap 
welded. 
Siphon Trans- 
f e r ,  cap 
welded. 
Siphon Trans- 
f e r ,  cap 
welded. 
Siphon Trans- 
f e r ,  cap 
welded. 
Siphon Trans- 
f e r ,  cap 
welded. 
'Na t r a n s -  
f e r r e d  a t  400°F 
and sampled a t  
450, 600, and 
1000°F by 
Siphon t r a n s -  
.- f e r .  Cap welded. 
Note : NASA 
analyzed  a 
random sample 
by mercury 
a ma l g a  ma t i on 
methods and 
r e p o r t e d  a 
oxygen con- 
t e n t  of 80 ppm. 
* Based on average  t a r e  weight of capsu le  of 28.6 gm. 
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TABLE 3 (Continued)  
- -- - __-_ -I -- - - __- - -- - - - _ -  ~ ____- -- - -- 
Sample Cover Gas (ppm) Na Temp Oxygen 
No. TYP e 02 H2 0 F PPm Remarks 0 
1 A  
3A 
4 A  
5A 
6A 
7A 
9 
10 
11 
1 2  
13 
1 4  
Blank PCI ry 
Na 1 4  45 
(4.3561g ) 
(1.839%) 19 58 
Na 
Blank 28 55 
Na 1 4  45 
(3.304%) 
Blank 19 58 
(3.3304g) 28 56 
Na 
Blank 24 34 
Na 
(3.3848g) 23.5 42  
Blank 24 46 
n2 
400 
400 
PCI 
400 
400 
1000 
c\r 
1000 
n2 
1000 
c\r 
25.0 5 2 . 2  
98.7 5 18.4 Dip t u b e  t r a n s -  
f e r ,  cap welded. 
30 < 81.5 Dip t u b e  t r a n s -  
f e r ,  cap welded. 
Na weight t o o  
small for 02 de- 
t e c t i o n ,  30 of 
81.5 a p p l i e d .  
f e r ,  welded 
crimp. 
f e r ,  welded 
crimp. 
f e r ,  welded 
crimp. 
115 5 30 Dip t u b e  t r a n s f e r .  
30.2 5 2.5 Dip t u b e  t r a n s -  
67.3 5 24.8 Dip t u b e  trans- 
221 f 45 Dip t u b e  t r a n s -  
27.5 * 3.5  
39.0 k 27.0 Dip t u b e  t r a n s -  
f e r ,  Na 1000'F. 
29.1 5 3.0  
1 4 8  k 30 Dip t u b e  trans- 
f e r ,  Na 1000'F. 
27.1 ? 3.0 
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TABLE 3 (Concluded) 
Sample Cover Gas(ppm) Na Temp. Oxygen 
No. Type (22 H20 F PPm Remarks 
0 
28 
29 
31 
32 
34 
35 
36 
37 
39 
40 
41 
43 
44 
46 
47 
48 
51 
12 
12 
15 
24 
25 
30 
35 
38 
42 
40 
39 
N a  12 
(4,6018g) 
N a  50 
( 4 823 5i3 ) 
N a  20 
( 4 737og ) 
N a  78 
(4 6211g) 
Na 7.6 
(5.3541g) 
N a  
(4.81816) 50 
46 w 
46 1000 
69 
78 
80 
78 
84 
90 
97 
100 
100 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
M 
6 1000 
30 1000 
3 1000 
72 1000 
2.6 1000 
63 1000 
25.5 i 1,7 
278 f 22 
269 Q 21 
507 f 23 
487 f 23 
319 f 24 
490 f 25 
381 f 26 
340 f 23 
444 Q 25 
22.1 E 2.1 
77.8 P 28.17 
Sample numbers 
28 th rough 41 
are t h e  r e s u l t s  
of a n  e i g h t  (8) 
h ou r s amp 1 i ng 
r u n  to d e t e r -  
mine the  e f f e c t  
of t ime on t h e  
p u r i t y  of sodium 
i n  t h e  d r y  box 
r e t o r t .  Note: ad -  
d i t i o n a l  samples 
a t  t h e  beginning  
and end of  t h e  
r u n  were s e n t  to 
NASA f o r  a n a l y s i s  
by mercury amal- 
gamation methods 
The oxide con- 
t a m i n a t i o n  i n  
t h e  c a p s u l e s  was 
34 and 35 ppm, 
r e s p e c t i v e l y .  
Spec,  #I, 316 SS 
S t a r t  of day 
89.2 f 29.0 End of day 
S t a r t  of day 
3 
83.4 f Spec. #2, 316 ss 
138 h 29 End of day 
60.7 f 24.6 Spec. f2, 316 S S  
73.9 f 26.7 
Start of day 
End of day 
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F IGURE I-HIGH TEMPERATURE ALKALI METALS TEST FACILITY FOR CAVITATION 
DAMAGE RESISTANCE OF REFRACTORY METALS 
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T =  0 MIN. 
T = 2 9 7  MIN. 
T=537  MIN. 
T = 7 7 7  MIN. 
T =  I17 MIN. 
T=357 MIN. 
T = 5 9 7  MIN. 
T=177 MIN. 
T=417 MIN. 
T=657  MIN. 
T = 2 3 7  MIN. 
T = 4 7 7  MIN. 
T=717 MIN. 
SIZE - 1/2" DIA. 
FIGURE 8 - PROGRESSION OF DAMAGE ON THE SURFACE OF 3 
STEEL IN SODIUM (I,OOO" F, V IBRATIONAL AMPLITUDE OF 
6 STAINLESS 
2 MILS) 
___-  
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TEMPERATURE 
OF 
I O 0 0  
SEE DETAIL "A" 
WAVE LENGTH VELOCITY OF MODULUS OF ELASTICITY 
X - INCHES SOUND C-fps E-  psi 
II+ .001 14,300 21.8 X IO6 
DETAIL "A" 
.093 "'i" %FR 
.I .098 
. IO2 
-E PRELIM1 NARY DESIGN 
FIGURE 9 - SCHEMATIC DIAGRAM OF HIGH FREQUENCY (14 KCS) FATIGUE SPECIMEN 
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FIGURE IO-  HIGH FREQUENCY FATIGUE SPECIMEN 
(DESIGNED FOR TESTING IN SODIUM AT I,OOO"F) 
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/ /I 
M A X I M U M  STRESS- LSPLIT RING, MACHINED FROM 
MATERIAL OF INTEREST 
FIGURE I I-PROPOSED STRESS CORROSION CRACKING S P E C I M E N  
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